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CHAPTER I 
LITERA TURE REVIEW 
Introduction 
This thesis considers the formation of the monohydrate of ammonia in view of the 
mechanism and rate. The usage of ice nanocrystals, as the sample for Fourier Transform 
Infrared (FT-IR) Spectroscopy, is also described as related to this hydrate formation . 
We can find the potential applications of this study in atmospheric chemistry 
since the ice is the basic component in the atmosphere of the earth and planets. In 
addition to an existence of H20 ice, small molecules such as CH4, N2, CO2 and NH3 were 
found in planets, comets and interstellar particles. Interaction of these molecules with the 
ice causes different effects in the atmosphere. I 
Since knowledge about the atmosphere of the earth and planets is gained through 
direct observations, laboratory and theoretical studies that supplement the observations 
are used to explain the planetary chemical processes and the fundamental constants of 
these processes, such as rate constants, thermodynamic data, spectroscopic constants and 
so on. I From direct observations, supported by the laboratory and theoretical studies, 
natural events and the composition of the planets and their atmospheres can be predicted. 
Lewis2 made a model for Jupiter's clouds and studied the thermodynamic 
properties. He showed that solid phases of H20 and NH3 are important components of the 
atmosphere at high altitudes at which the temperature is below a few hundred Kelvin. 
The thermodynamic studies of the NH3-H20 system showed that the hydrate forms of 
ammonia may be found under the clouds of NH3. 
The same model was assumed for satellites of the outer planets by Lewis.3 He 
showed that solid H20, NH3 and its hydrates condense below 250 K. 
To our knowledge, there are no kinetic data about the formation of ammonia 
monohydrate. For this reason, the rate of conversion of ice nanocrystaJs to the ammonia 
monohydrate was studied under laboratory conditions. To further understand the nature 
of this conversion, H20 ice was replaced by 0 20 ice OF NH3 by NO) . From this point, we 
have also tried to observe isotopic effects on the reaction rate for this conversion. 
The Structure of Ice Nanocrystais and Their Interactions with Adsorbates 
In nature, it is the surface of ice that most commonly interacts with other 
components of the universe. One of the best tools to study ice surface structure with FT-
IR spectroscopy is the ice nanocrystais. Methods developed by our group to produce ice 
nanopartic1es have led to contributions to the identification and interpretation of the 
surface region of the crystalline ice. The information about not only the structure of the 
ice nanocrystals but also interactions of some small adsorbates with ice nanocrystals is 
usually derived from difference spectra. The difference spectra can be obtained from 
comparison of spectra of annealed and unarmealed ice or of the bare and adsorbate-
coated ice.4 
When the ice nanocrystaJs are annealed, the size of the particles becomes bigger 
by the Ostwald ripening process. During this process , the small particles vaporize and the 
vapor is added to the surface of the larger ones. Further, one can choose the particle size 
depending on the annealing temperature (generally, it changes between 11 0-150K). Some 
of the surface molecules are converted to the interior ice during the ripening process. 
2 
Consequently, after the annealing process, some of the surface molecule absorption is lost 
due to this conversion. This can be followed by FT-IR difference spectroscopy as 
decreasing peak intensities of the surface molecules. Although the total amount of ice 
does not change, different relative amounts of surface and interior absorption are 
obtained from the annealed and unannealed ice sample spectra that are taken at the same 
temperature.s In addition to the conversion of the surface molecules to the interior ice, 
some subsurface is also converted to the interior ice because of the ripening process.s 
The difference spectra, between the annealed and unannealed spectra. and 
computational methods show that a single ice nanoparticle, with a spectrum consistent 
with a largely crystalline ice structure, has three parts; surface, subsurface and interior. 4 
The surface of ice nanocrystals consists of 3 -coordinated molecules with non-H -bonded 
atoms or dangling-H CD) (or d-H(D)), molecules with a dangling-O coordination (or d-O) 
and 4-coordinated surface (or s-4) water molecules.5 Tn the interior of crystalline ice. each 
water molecule is coordinated through four H-bonds. Two of them are through the two 
hydrogen atoms. the others are through oxygen (Figure 1). 
Moreover, the three parts of the ice nanocrystals have different vibrational modes 
that can be identified and distinguished from each other by using the difference spectra. 
From the difference spectra combined with computational evidence, vibrational modes of 
the surface molecules are assigned4 as follows; a) the out-of-phase stretch of the three 
coordinated molecules with dangling-H (D) is 3692 (2725) em-I, the in-phase stretch 
3110 (2300) cm- I and the bending modes 1650 (1215) crn- l , b) the out-of-phase stretch of 
the three coordinated molecules with dangling-O is 3560 (2640) em-I, the in-phase stretch 
3350 (2480) em-I and the bending modes 1690 (1235) ern· l , c) the out-of-phase of s-4 
3 
dangpng-O (d~) 
Figure 1. Crystalline ice structure 
4 
molecule is 3490 (2580) cm,l , the in-phase 3270 (2430) cm'l . Interior D20 ice gives 
absorption in the 2300-2500 cm-1 spectral range. Figure 2 shows the diffe rence spectrum 
of D20 between spectra of small and large nanocrystals. As seen in that figure positive 
bands represent out-of-phase stretch modes for surface molecules including s-4, and the 
negative triplet represents the interior ice spectrum.7 
The interaction of the adsorbates with the ice nanocrystals can also be examined 
by obtaining the difference spectra in two ways: one of them is between spectra of small 
and large ice particles coated with adsorbates and the other is between spectra of bare ice 
and adsorbate-coated ice.45 
As mentioned above, the three parts of the ice nanocrystals are surface, 
subsurface, and interior. The adsorbates (used by our group) can be categorized as a) 
weak adsorbates, b) strong H-bonding adsorbates and c) penetrating adsorbates, 
depending on their effect on the three parts of the ice nanocrystals . Since the subject of 
this study is focused on one of the penetrating adsorbates, namely NH3, they will be 
explained in detail. However, the strong H-bonding and the weak adsorbates , particularl y, 
provide insight to the surface structure of the ice nanocrystals. For this reason, they will 
be considered briefly. 
The weak adsorbates affect only vibrational modes of the surface molecules of ice 
nanocrystals and CH4, N2, CO, and H2 can be given as examples.5,6,8,9 Since these 
adsorbates do not have the capability to form significant H-bonds, they are called weak 
adsorbates. They do not affect the subsurface or the interior ice spectra. One more 
characteristic of these adsorbates is that they are easily desorbed below 100 K. 5 In Figure 
3, the effects of adsorbed N2, CO and H2 on the cubic ice spectrum can be seen as shifting 
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Figure 2. A difference spectrum of D20 ice from subtraction of annealed nanocrystals 
from spectrum of unannealed nanocrystals. 
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7 
the vibrational modes of the surface 0 20 molecules. 12 
Among the strong H-bonding adsorbates are H2S, S0 2, HCN and acetylene. 
Delzeit 13 studied the interactions of these adsorbates with the surface of ice nanocrystals. 
He showed that these adsorbates affect the spectrum of the subsurface and interior ice as 
well as the spectrum of the surface molecules, but without chemically reacting. 
The penetrating adsorbates react with ice to fonn hydrates at cryogenic 
ternperatures. IO Ethylene oxide, Hel , and NH3 are in this class of adsorbates. They affect 
all parts of the ice spectrum and also react with ice nanocrystals to form crystalline 
hydrates at the cryogenic temperatures. 10 They also do not undergo desorption at 
cryogenic temperatures. 
Delzeit et al. 10 showed that ethylene oxide (EO) penetrates through ice crystals 
by virtue of its strong proton-acceptor character. Further. they concluded that EO 
converts the ice nanocrystals to the type I clathrate hydrate via a molecular mechanism. 
Firstly, the ice nanocrystals were exposed to EO(g) at 125 K at which temperature EO 
acts as an adsorbate. Then. the temperature was raised to 132 K for the hydrate formati on. 
Total conversion time was found as 3h at 132 K. 
In the case of HCl, the conversion of ice nanocrysta]s to the hydrate of HC) 
proceeds via an ionic mechanism based upon formation of H30 + and C)- ions. The 
conversion. resulting in formation of the amorphous monohydrate, was completed within 
1 hour at 125 K. After warming to 135 K. the reaction product became cryst.alline 
nanopartic1es of the ionic monohydrate. 1 0 
In our classification, NH3 is also a penetrating adsorbate. A study by Delzeit 13 
showed that NH3 reacts with the surface of the ice nanocrystaJs to fonn the amorphous 
8 
-
monohydrate of ammonia. He showed that when the ice nanocrystals were exposed to 
NH3, NH3 did not immediately migrate through the interior part. Thus, previous studies 
of ammonia and ice nanocrystals in our group have been limited to only the surface of the 
ice nanocrystals not the interior part of it. Since the interest of this study is NH3 and ice, 
we will investigate this interaction further. 
Studies with NH3 and H20 and Their Derivatives 
Langet, Caillet and Caffarel 14 showed in their theoretical calculation that. in a 
dimer structure ofNH3 and H20. the dimer containing ammonia as a proton acceptor 
(H3N . .. HOH) is much more stable than that containing ammonia as a proton donor 
(H20 ... HNH2). Further, they showed that since the stability of H3N .. . HOH is greater 
than that of H20 ... HOH, NH3 is a better proton acceptor than H20. 
Three types ofNH3-H20 molecular solids have been described in the literature; 
the monohydrate (NH3. H20), hemihydrate (2NH3. H20 ), and dihydrate (NH3.2H20).1 5. 16 
As one can see from the molecular fOnTIulas, the amount of NH3 is the determining 
property. Its capability to form these H-bonded systems is due to its strong proton 
acceptor character. 
Bertie and Shehata l5 studied NH3.H20 and ND3.D20 . They produced spectra of 
bulk fOnTIS of hydrates of ammonia by using the mull technique at 100 K, and interpreted 
peak values corresponding to vibrational modes for the fi rst time. Figure 4 and Figure 5 
(adapted from reference 15) show FT-IR spectra for both NH3.H20 and ND3 .D20, 
respectively, with corresponding peak values in Table 1. Since in the case ofND3.D20, 
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-their sample contained 1 % H, they also observed ND2H NH2D and HOD vibrational 
modes. 
Deuterium Isotope Effects on Reaction Kinetics 
When a hydrogen atom in a given molecule is replaced by deuterium, the 
observable changes are then called "deuterium isotope effects" (DI Es) . The deuterium 
isotope effects have a variety of forms 17. 18, such as the isotope frequency ratio (v AH/ V AD), 
the thermodynamic isotope effect (KH/KD or ilKa = pKa (D20) - pKa (H20), the kinetic 
isotope effect (kH/kD), vapor pressure isotope effect (P AH/P AD ), etc .. Since one interest of 
this study is to find out the kinetic isotope effect for the conversion ofthe ice 
nanocrystals to the monohydrate of ammonia, it will be explained here in detail. 
The theoretical explanation of isotope effects on the reaction rates are generally 
based upon Absolute Reaction Rate Theory (or Transition State Theory). 19 Bigeleisen20 
derived the rate constant ratio for the competitive reaction of the isotopic molecules by 
using this theory. He started with Eyring's formalism fo r the rate constants of the 
reactions (AI + B + ... ~ PI and A2 + B + ... ~ P2, where AI and A2 are the 
isotopic molecules. P is the product) that could be written 
kl=KI ---
CAIC B· .· 
[ kT ] '/2 1 
2nml* 01 
13 
-
where K is the transmission coeffic ient, ell is the concentration of the activated complex , 
m* is the effective masses of the complex along the coordinate of decomposition, and 8 is 
the length ofthe top of the potential barrier. From these equations, he found kJ lk2 as 
He replaced the ratios of concentration terms with corresponding ratios of the complete 
partition functions (Q) constructed from translational. vibrational and rotational partition 
functions. He chose the minimum of the energy scale as zero in the potential energy 
curve for both isotopic molecules since the potential energy is invariant for the two 
isotopic molecules. In the study of Bigeleisen and Mayer2J , they deri ved the equilibrium 
constants in terms of the ratio of the complete partition functions. They showed that the 
only contribution in the ratio of the complete partition functions comes from the 
vibrational parts since the other terms in the ratio of the partition functions of the two 
isotopic molecules cancel each other. Bigeleisen20 obtained the fo llowing equation for the 
rate constants of the two isotopic molecules; 
where s is symmetry number, asterisk (*) denotes the transition state, Ui = hv/kT and 
llUi = hlkT (ViI - Va), h is Planck's constant k is the Boltzmann constant, T is the 
temperature, V is the frequency. As explained in reference 21 , G( u) was found to be 
expressed as G(u) = 112 - Uu + 11 (eU - I ). 
14 
The same procedure was followed by Melander '9 to fi nd the ratio of the rate 
constants of the two isotopic molecules and he obtained a similar result. Further, he 
derived the formula for the ratio of the rate constants of the isotopic hydrogen in heavy 
molecules by making some assumptions. It was shown that the primary hydrogen effect 
(of a reaction in which hydrogen is directly involved) can be treated as a zero-point 
energy effect and given by this equation; 
where v is the frequency in wave numbers and c is the velocity of the light. Here, 
v generally represents the stretching frequencies of a bond, that connects hydrogen and a 
second atom, that is broken in the reaction. Although this equation is useful for the 
hydrogen isotopes, it cannot be applied to other isotopic species fo r which the Bige leisen 
formalism can be appropriate. 
Figure 6 (modified from reference 22) shows the potential energy diagram and the 
zero-point energies for a given reaction ofa molecule with H or 0. 22 The Hooke's law 
expression is given by the following equation: 
v = (1I2nc) C.Jklll) 
where v is the frequency, Il is the reduced mass that is approximately equal to 1 and 2 for 
heavy molecules with H and with 0, respectively.22 According to the hannonic oscillator 
approximation, energy levels of the harmonic oscillator are given by En = (112 + n) hv, 
where n is the vibrational quantum number (0, 1,2, ... ), h is Planck's constant and v is 
the vibrational frequency. Putting n = 0 (because at room temperature or below, most of 
15 
v 
products 
Reaction Coordinate 
Figure 6. Potential energy (V) diagram for a molecule with Hand 0 
16 
the molecules reside in the ground vibrational state) gives the energy equation as 
E = hv/2. Combination of the energy and frequency equations explains why the zero-
point energy is different for the isotopic hydrogen. Since the molecule with deuterium has 
the lower zero-point energy, it is more stable than that with hydrogen due to the 
dissociation energy differences. 22 
Moreover, when the reactant with hydrogen or deuterium reaches the activated 
complex point, the bonds between the atom and hydrogen or deuterium become weaker. 
Consequently, the force constants between the atom and hydrogen or deuterium become 
smaller (and the vibrational energy is directly proportional to the square root of the force 
constant). Thus, in the activated complex, the difference between the zero-point energy 
levels for the molecule v .. /ith hydrogen and the molecule with deuterium becomes smaller. 
If one considers the rate process, this difference makes the activation energy for the 
molecule with deuterium higher than that for molecule with hydrogen. Simply put, the 
molecule with hydrogen reacts faster than that with deuterium. 22 
The relation between the activation energies and the zero-point energies for the 
isotopic molecules was found by Bigelesein.2o He concluded that the difference in 
activation energies at low temperature resulted from the diffe rence in the zero-point 
energies between the isotopic molecules and their activated complexes. 
The applications of the de uteri urn isotope effects fo r different conditions can be 
found in the references 22 and 23. A discussion of the magnitude of the deuterium 
isotope effect on the reaction rates was given by Westheimer. 24 
17 
-CHAPTER II 
EXPERIMENT AL 
Introduction 
This experimental chapter is divided into two sections: experimental equipment 
and experimental procedure. The equipment part will be given first so that the procedures 
can be easily followed. 
Experimental Equipment 
Experimental equipment mainly consists of a vacuum system, cryogenic system, a 
cryogenic cell and the FT-IR instrument. The components of the equipment are shown in 
Figure 7 as a cartoon. 
Vacuum System 
A Welch Duo Seal vacuum pump model 1402 and an oil di ffusion pump were 
used to evacuate the glass manifold. The manifold was connected to the outer portion and 
the inner portion of the infrared cell by a vacuum line. The connection between the outer 
portion and the vacuum system provided a vacuum required in order to isolate the inner 
portion of the cell from thermal transport. The inner port connection was used for 
evacuation of the cell and admission of the gaseous samples into the cell. The pressure 
was measured with a Hastings Vacuum Gauge. The minimum pressure for this system is 
_10-5 tOIT. Loading of the gaseous samples was monitored using a dual channel. Validyne 
18 
Gaseous 
Sample Bulb 
I !.... _____ -., I 
L _____ ._-, I I 
Closed-
Cycle 
Refrigerator 
: OuterCan 
• I - ... ,..-
Cryogenic Cell \ 
'----'--J ) 
IR. Transparent 
Windows 
Figure 7 . Main components of the experimental equipment 
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IR 
« 
Model CD 223 gauge with the measurable pressure ranges of 0.0 I to 150 and 0.1 to 1000 
torr, respectively. 
Cryogenic System and Cryogenic Cell 
The main component of the cryogenic system was an Air Product Model HC-2 
water-cooled closed cycle helium refrigerator. The min~mum temperature capability was 
-10K depending on the therrnalload. The other components of the cryogenic system 
were a Lake Shore temperature measuring assembly and a hand-coiled 40 ohm resistance 
heater by which the temperature was controlled. These components of the cryogenic 
system were directly connected to the inner portion of the cell that was surrounded by the 
outer can which thennally isolates the inner portion of the cell (see Figure 7) . The inner 
portion is a cylinder with dimensions of 15 em length and 5 cm diameter. The zinc 
sulfide infrared transparent windows. onto which the sample loading was done, sealed the 
two ends of the inner cell. The temperature measuring sensor was embedded in the cell 
wall near one window, so the temperature near the window will be cited throughout this 
discussion. 
FT -IR Instrument 
A Digilab FTS-20C model instrument was used to collect FT-IR absorbance 
spectra that were monitored, stored and manipulated on a Motorola Pc. Since the FT-IR 
instrument was a single beam spectrometer, a background spectrum was obtained for 
each series of spectra. 
20 
Experimental Procedure 
Preparation of a Network of Ice Nanocrystals 
The window deposited nanocrystals method was used to create the networks of 
ice nanocrystals. Procedures for this method are as follows; H20 (D20) vapor and carrier 
gas (N2 (g)) were first loaded into the sample bulb so their molar ratio would be 11100 
(H201N2). After that, this gas mixture was loaded into the precooled cell (-68 K) with 
~300 torr of the gaseous mixture from the one liter sample bulb expanded into the cell 
during each loading stage. A load-evacuation cycle was repeated -60 times to complete 
formation of an assembly of the nanocrystals. The loading temperature of 68 K was held 
constant during the load-evacuation cycles. When the gas mixture goes into the cold inner 
cell, the water vapor in the 1 % gas mixture becomes liquid droplets. On a short time 
scale, these liquid droplets crystallize and ~ 7% of the nanocrystals become attached to 
the windows of the cell. The thickness of the resulting network increases with the number 
of loadings, as observed with FT-IR spectroscopy as increasing peak intensities. 
After the deposition was finished, the sample was annealed to 138 K. During the 
annealing process, small particles become larger by Ostwald ripening. The annealing 
temperature was chosen roughly 20 K higher than the planned reaction temperature so 
that the particle size remained stable during the reaction. 
The most important characteristic for the ice nanocrystals was reproducibility. 
That is, when each network of the ice nanocrystals was prepared and then the FT -IR 
spectrum was collected. the same spectrum was obtained. 
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-Adding NH3 (ND3) and Collecting FT-IR Spectra 
After the ice nanocrystals were annealed, the temperature was decreased to the 
reaction temperature. Before adding NH3 (ND3), the bare ice spectrum was taken. Since 
the guideline for production of the monohydrate of ammonia was a one to one mole ratio 
of ammonia and ice, the same amount of ammonia as water in the nanocrystals was 
admitted. After NH3 (ND3) was added, the spectra of the ice nanocrystals were taken as a 
function of time. All spectra were collected by co-adding 400 scans at a nominal 4.0 em· 1 
resolution. 
Evaluation of the Data 
To evaluate the rate data. the best ammonia monohydrate spectra were chosen as 
standard spectra for NH3.H20, NH3.D20 and ND3.D20. The standard spectra were 
achieved from samples following complete reaction after several hours. In Figure 8, the 
standard spectra are shown for each monohydrate form. All data were evaluated 
according to these standard spectra as follows; two characteristic peak intensities for 
peaks marked * were measured from the standard spectrum of each monohydrate and the 
ratio of these two peak intensities was found. Then, the bare ice spectrum was subtracted 
from spectra of partially reacted ice that were collected as a functi on oftime until 
obtaining the same peak ratios. In Figure 9, one example of data evaluation is shown to 
help visualize the procedure. In that figure, the top spectrum is the bare H20 ice spectrum 
and the middle one is the partially reacted ice spectrum that was taken after 3 hours of 
exposure to ammonia. From the standard spectrum ofNH).I-hO, the ratio 0[2900 and 
3200 cm- I peak intensities was known. When the bare H20 ice spectrum is subtracted 
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from the partially reacted spectrum, the subtracted spectrum, which is the bottom one 
was obtained as the monohydrate spectrum whose 2900 and 3200 em-I peak intensity 
ratio is equal to that ratio for the standard spectrum of NH3.H20. 
For kinetic analysis. the subtraction factors were the basic data. Since the 
subtraction factor equals the fraction of the unreacted ice, one minus the subtraction 
factor gives the reacted ice portion for a specific reaction time. Using these values. the 
reacted ice fractions could be plotted as a function of the reaction time. 
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-CHAPTER III 
EXPERIMENTAL RESULTS AND DISCUSSION 
Conversion of the lee Nanocrystals to the Monohydrate of Ammonia and 
Mechanism for this Conversion 
The ice nanocrystals were completely converted to the monohydrate of ammonia 
at cryogenic temperatures. The products of the conversions of H20 and 0 20 ice 
nanocrystals to a hydrate of ammonia were NH3.H20. NH3.D20 and ND3.D20 and their 
FT-IR spectra are represented in Figure 10. 
Evidence about the production of the monohydrate of ammonia can be found by 
comparing the spectra ofNH3.H20 and ND3.D20 fonned from ice nanocrystals and the 
published spectra of the bulk hydrate (see Figure 4 and Figure 5). The FT-IR spectrum of 
NH3.D20 is not available in the literature. Although, we used an entirely different 
technique and much lower temperature, the comparison of the spectra shows that we 
obtained very similar spectra. Moreover. despite the statement of Bertie and Shehata l 5 
that the production ofNH3.D20 was impossible at low temperature, we managed to 
produce NH3.D20 from the ice nanocrystals. 
The conversion of the ice nanocrystals to the monohydrate of ammonia is a 
heterogeneous gas-solid process. However, when the ammonia is expanded into the cold 
cell (-120 K), it first condenses near the entry port of the cell. Since the reaction actually 
depended (indirectly) on the vapor pressure of NH3 (NO)), the cell temperature needed to 
be appropriate for a significant equilibrium vapor pressure of NH3 or ND3. Furthermore, 
the reaction temperature should be chosen as suitable for the reaction to be fo llowed by 
26 
.. 
1.6 
1.4 
A I. 2 
tJ 
s 1. a 
a 
r 
tJ 0.8 
a 
n 
c 0.6 
e 
0.<1 
0 .2 
0 .0-+---"-------------
I I I I I I i 
3600 3<100 3200 3000 2500 2500 20100 2200 2000 1800 1600 1<100 1200 1000 aoo 
1oj8venumcers 
Figure 10. Spectra ofNH3.H20 , NH3 .D20 and ND3.D20 from top to bottom. respectively 
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-FT-IR spectroscopy. At the beginning of this study, the H3-D20 system was fi rst 
studied and the temperature was chosen as 115 and then 11 7 K: but no reaction was 
observed. 
Consequently, the reaction temperature was established as 120 K for NH)-0 20. 
The same temperature was used for NH3-H20 . Because of the vapor pressure isotope 
effect25 , the reaction temperature for the ND3-020 system was raised to 123 K. 
The conversion of the ice nanocrystals to the monohydrate of ammonia proceeds 
via a molecular mechanism as follows 
NH3(g) + H20(s) --.. ~ NH3.H20(S) 
NH3(g) + D20(s) ~ NH3.D20(S) 
ND3(g) + 020(S) ~ N03.D20(S) 
The indication for the molecular mechanism was that we did not observe any O-H band 
in the NH3.D20 spectrum (see top and middle spectrum in Figure 10). If this reaction had 
proceeded via an ionic mechanism based upon formation of NH3D+ and OD--, we would 
have observed isotopic hydrogen exchange between the NH) and 0 20 molecules of the 
reacting ice, with HOD produced. OH bond modes in ND3.D20 12 were defined in 
Table 1. 
In the case ofNH3 and D20, we did observe the bands ofNH20 (1030 em-I) and 
ND2H (940 cm-I)12. Figure 11 shows increasing deuteration ofNH3 with time of the 
reaction with D20 in the bending region ofNH3.D20. It must be emphasized that these 
species apparently formed near the wanner entry port of the cell. After NH20 and N02H 
formed in the condensed phase at the entry port of the cell. their vapor becomes available 
for reaction with the 0 20 ice nanocrystals deposited on the windows . Therefore. we had 
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NH3 with D20 in the bending region ofNH3.D20 
29 
-also these reactions in the NH3-D20 system; 
NH2D(g) + D20(s) --•• NH2D.D20(s) 
ND2H(g) + D20(s) .. ND2H.D20(S) 
Although we observed the bands of these species, there was no isotopic exchange in D20 
part of monohydrate. That is, there are no OH bands in the spectrum ofNH3.D20 (see top 
and middle spectra in Figure 10). 
Rate of Conversion of Ice Nanocrystals to the Monohydrate of Ammonia and 
Deuterium Isotope Effects on the Reaction Kinetics 
The scaled difference spectrum between the spectra of partially NH3 (ND3) 
reacted ice and the spectra of the bare ice was used to obtain the rate for these reactions. 
Figures 12, 13 and 14 show the formation ofNH~.D20, NH3.H20 and ND3.D20 as a 
function of time, respectively. In these figures. each spectrum that corresponds to a 
specific reaction time has a subtraction factor equal to the fraction of the unreacted ice. 
Since the total fraction of ice is one, one minus the subtraction factor gives the fraction or 
the reacted ice. 
The NH3-H20 and NH3-D20 systems will be examined firstly for the 
understanding of the deuterium isotope effect. For the consistency of the results , each 
experiment for the conversion to the monohydrate was repeated twice and then average 
values of the fractions of the reacted ice was calculated. Tables I and 2 show the fraction 
or the reacted ice with corresponding reaction time for NI"h,H20 and NH3.D20, 
respectively. 
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Figure 12. Conversion of H20 ice to NH3.H20 at 120 K as a function oftime, from 
bottom to top, spectra of2. 3. 4,5,6, 7 and 8 hours later reaction, respectively 
31 
rr 
I 
I 
j 
-0.4 
A 
b 
s 0.3 
a 
r 
tl 
a 0.2 
n L-_-'" 
c 
e 0.1+----1 
0.0 ,-I __ -' 
3600 3400 3200 3000 2600 2600 2400 2200 2000 1800 1600 1400 1200 1000 
WavenUll1Oer! 
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-Table 2 
Experimental Results for NH3.H20 at 120 K 
Time (hr) Fraction ofreacted ice for NH3 .H20 
2 0.38 
3 0.55 
4 0.73 
5 0.88 
6 0.94 
7 0.96 
Table 3 
Experimental Results for NH3.D20 at 120 K 
Time (hr) Fraction of reacted ice fo r N H3.D20 
.., 0.35 j 
4 0.47 
5 0.60 
6 0.71 
6.2 0.79 
7 0.86 
8 0.96 
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-A plot of these values with corresponding reaction time is given by Figure 15 (in 
the case ofNH3.D20, because ofthe time difference, the fractions of the reacted ice in 6 
and 6.2 hours could not be averaged, but they are shown separately in the Figure 15). In 
Figure 15. after starting point (zero time vs. zero reacted ice) we did not have any value 
until 2 hours for NH3.H20 and 3 hours fo r NH3.D20 . The reason for this was that at the 
beginning of the reaction, the amorphous structures of the monohydrate product were 
dominant so that resolution of the spectra into ice and hydrate components using the 
standard monohydrate spectra was not possible. 
Although the linear plot was obtained for NH).D20, the plot was curved for 
NH3 .H20 after 5 hours. This may indicate "saturation kinetics". When the fraction of the 
reacted ice in the graph ofNH3.H20 approached one, the line became curved because the 
final fraction of the reacted ice is one. Since the rate for the NH3-D20 system was slow, 
we did not observe saturation effect for the NH3-D20 system in this time range. However, 
if the plotting was kept going for the NI-h -020 system, it would be curved due to the 
saturation effect. 
The reaction rate, in general, depends on the diffusion of ammonia molecules to 
the ice particles through the crust of hydrate that has formed . Because ammonia 
molecules must also penetrate the ice to Conn hydrate, this is not a simple diffusion. 
Although knowledge of the available amount ofNH3 (g) for the diffusion was essential 
for analyzing these conversions, because of the equilibrium (shown below) between the 
solid and gas phase of ammonia, this amount could be considered as a constant during the 
reactions. (The vapor pressure of ammonia at 120 K was measured as 10-3 Torr.) 
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Figure 15. Comparison of the fonnation rates for two monohydrates of ammonia 
• for conversion of H20 ice nanocrystals to NH3.H20 at 120 K 
• for conversion of D20 ice nanocrystals to NH,.D20 at 120 K 
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-In Figure 15, the reaction for NH3.H20 followed a linear plot for several hours of 
reaction and the plot was linear for NH3.D20. From this standpoint, one could say the 
reaction for both forms of monohydrate proceeded with pseudo zero order kinetics. 
Analysis Assuming P NH3 is Rate Limiting Factor 
When NH3 is expanded into the cold cell, it condenses at the cold entry port of the 
celL which is wanner than other parts of the cell. Then, it starts to vaporize and moves to 
the wall of inner cell (the coldest part of the cell) containing also ice particles (see Figure 
16 A). First a tightly adsorbate monolayer forms on the ice. After that, as a polylayer of 
NH3 forms, the vapor pressure becomes significant so the NH3 begins to move through 
the network of ice nanocrystals deposited on the window (see figure 16 B). 
Since a basic parameter for these reactions is the vapor pressure of ammonia that 
is a constant, the concentration of ammonia molecules in the gas phase may control the 
rate of this zero order reaction. With simple assumptions, a mechanism of the rate of the 
reaction can be suggested as follows: it may be assumed an imaginary boundary exists 
between the gas phase 0 f ammonia and the network of the ice nanocrystals as in Figure 
16 B. Any NH3 molecule crossing this boundary must collide with a nanocrystal and, 
assuming an accommodation coefficient of 1.0, become attached to a particle. From this 
point of view, the rate of the reaction is apparently equal to the number of the ammonia 
molecules crossing this imaginary boundary. 
Since the number of ammonia molecules crossing this boundary depends on the 
vapor pressure of ammonia and the wall temperature (120 K), the vapor pressure of 
ammonia can be calculated by rate of NH3 coating of the ice surface. The crossing of this 
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38 
-boundary by NH3 molecules can be examined in terms of the number of collisions per 
unit area per unit time that is given by the following equation;27 
P 
Z=---
(2mnkT) In 
where Z is the number of collisions per unit area per unit time, P is the pressure in unit of 
pascal CPa), m is molecular mass of one particle (m = MIN, where M is the molar mass 
of the molecule, N is the Avogadro's constant), k is the Boltzman constant, T is the 
temperature. By using this equation, we can calculate a pressure of ammonia from the 
experimental result. For this calculation, the experimental results of the NH3-H20 system 
will be used. 
From the above assumptions, it can be written: 
the number of collisions with boundary = the number of product molecules 
= the number of the reacted H20 ice molecules. 
From the experimental result, to find the number of reacted ice molecules, we should 
calculate the total initial amount of the ice by using the follo wing equation and the 
observed absorbance spectrum;28 
A = E (v) 1/2.303 = log (10 (v) / r (v») 
where A is the absorbance. E is the absorptivity at the frequency of v, I is the thickness of 
the sample, 10 (v) and I (v) are the intensities of the light before and after traversing the 
distance 1, respectively. The average absorbance for the two experiments of the H20 ice 
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-at 3220 cm-' was measured as 0.642. Bertie et al. 28 studied the absorptivity of ice I in 
range 4000-30 cm- l and they calculated the absorptivity of H20 ice at 3220 cm-' as 
33.0x 1 03 cm-'. Substituting these values into the absorbance equation gives the thickness 
of the ice as 4.48x 10-5 cm. 
The slope for the linear part of the plot in Figure 15 for NH3.H20 is found as 
-0.17 and is equal to k, the rate constant, in units of the' fraction of the reacted ice per unit 
time (hr). From here, we can find the fraction of the reacted ice per second as -4.7xlO-5. 
Since the density of ice29 is 0.92 gr/cm3, multiplying the density by the thickness 
gives the amount of the ice per square centimeter as -4.12x lO-s gr/cm2. 
Multiplying the fraction of the ice per second (4.7x I 0-5 per sec.) by the amount of 
the ice per square centimeter (4.12x 1 0-5 gr/cm2) gives -1.93x 10-9 in units of gr/sec.cm2. 
By using Avogadro's constant, we obtain -6.4x 1 0 13 as the number of reacted ice 
molecules per second per square centimeter which is assumed equal to the number of 
boundary collisions (Z). Putting these values into the Z equation gives the pressure of 
ammonia as -1.09x 10.5 Pa (Nm-2) or 8.17x 1 0-8 Torr. 
Although we measured the vapor pressure ofNH3 as 1 x 10-3 Torr, this was an 
approximate measurement. However, we can calculate the vapor pressure of NH3 at 120 
K by using the equation gi ven by30 _ 
log PNH3 = - (1630.700 I T) + 9.00593 
where PNH3 is the vapor pressure ofNH3 (s) (cm of Hg) at the temperature T. By 
substituting 120 K into this equation, the pressure of ammonia at 120 K is found as 
2.61 x 1 0-4 torr. 
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-\\-ben we compare 1 x 10.3 torr (from measurement) 2.6 1 x 10-4 torr (from 
calculation) and 8.17x 10.8 torr (from experimental result), we can see the difference 
between the vapor pressure from measurement or calculation and from the experimental 
result assuming unit reaction probability for molecules that cross the boundary. It follow 
that the NH3 (g) vapor pressure cannot be the rate controlling factor. 
Crossing the NH3 (s)-Ice Barrier as the Rate Limiting Step 
We may explain this difference as follows: since the entry port of the cell where 
the NH3 originally condenses is warmer than the inside (including the cell windows), 
after crossing the imaginary boundary, the ammonia molecules condense much more 
rapidly than they can react with the network of ice. Thus, the reaction becomes a solid-
solid reaction between NH3 and the nanocrystals. From this view, we can explain why we 
calculate the vapor pressure of ammonia from the reaction rate to be orders of magnitude 
lower than from the calculation or measurement. Also, from this view the zero order 
reaction kinetics reflects the constant activity of NH3 (s), and the reaction rate is 
contro lled by the barrier for transport ofNH3 out of the NH3 (s). 
However. if the reaction rate is limited by transport from the solid ammonia, there 
should be no deuterium isotope effect for NH3 reacting with H20 versus D20. The slope 
for the linear part of the plot for NH3.H20 was found above as -0.17 and the slope for the 
plot for NH3.D20 was calculated as -0.12. If there is no deuterium isotope effect or zero 
point energy effect on the reaction kinetics, the two reactions should have proceeded with 
the same rate. However, as seen from Figure 15. or comparison of the slopes, NH3 
reacted with H20 ice faster than with D20 ice. 
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The difference may have occurred in their rates because, in the case ofNH .D20. J 
in addition to NH3, there were also NH2D and ND2H species present (formation of these 
species was explained above) to participate in the conversion of D20 to the monohydrate. 
The presence of these species would decrease the total chemical activity of the solid 
ammonia. Consequently, existence of these species may have reduced the rate for the 
When only NH3 was replaced by NO), without changing the 020 ice, and each 
fraction of the reacted ice amount was found (shown Table 4), like above. and plotted as 
a function oftime for the conversion of 0 20 ice to NO).020, the plot shown in Figure 17 
was obtained. 
Table 4 
Experimental Results forND J.D20 at 123 K 
Time (hr) Fraction of reacted ice for ND3.D20 
.., 0.39 ) 
4 0.56 
5 0.74 
6 0.90 
7 0.95 
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Figure 17. Comparison of the formation rates for three mono hydrates of anunonia 
• for conversion of H20 ice nanocrystals to NH3.H20 at 120 K 
.. for conversion ofD20 ice nanocrystals to ND3.D20 at 123 K 
• for conversion ofD20 ice nanocrystals to NH3.D20 at 120 K 
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-In the case ofND3. D20 , only one set of rate measurement alues was used 
because of temperature problems with the other set. Although a higber temperature was 
used for ND3.020, its rate plot is shown superimposed on the same plot for NH3.H20 and 
NH3.D20.We observed again the saturation point for ND3.D20 after the 6th hour of 
reaction. Moreover, in the case of ND3.D20 , the reaction again proceeded with pseudo-
zero order kinetics for several hours reaction time. Tn addition, the slope for the linear 
part of the plot was found as -0. 17. 
The same mechanism is expected to be valid for the fonnation of ND3.D20 as for 
the other monohydrates. However. since NO) (s) is more stable than NH3 (s) (because of 
the fact that a molecule with deuterium has lower zero point lattice vibrational energy 
than with hydrogen), the activation energy for the reaction with ND3 is higher than that 
for the reaction with NH3. In other words, at the same temperature, the chemical activity 
ofND3 (s) is lower than ofNH3 (5). For example, the relation between the vapor 
pressures is given by the following equation;25 
log (PNHJ / PND3 ) = (49.69/ T) - 0.1305 
For the vapor pressure of NO), the following equation can be used~25 
log PND3 (cm of Hg) = -(1680.4 / T) + 9.1364 
And from this equation, it is found that PND3 is equal to 1.35x 10-4 torr at 120 K ( PNH3 was 
calculated at page 40 as 2.61 x I 0-4 torr at the same temperature). Therefore, we increased 
the temperature by 3 K to obtain the same vapor pressure for the ND3-D20 system as the 
NH3-H20 (020) system. 
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-The zero order kinetics indicates the constant chemical activity of solid ammonia 
at a given temperature where the chemical activity is equal to the multiplication of 
concentration and chemical activity coefficient which is a function of temperature. As 
seen, comparison of the slopes for NH3.H20 (k = -0.17) and ND3.D20 (k = -0.17), we 
obtained the same rate constant after this 3 K increase in T for the latter case. This may 
indicate that this 3 K increase may make the chemical activity of N03 (s) nearly equal to 
the chemical activity ofNH3 (s). Therefore, the reaction rates for NH3 and ND3 reacting 
with H20 and 0 20 at 120 and 123 K, respectively, become nearly equal to each other. 
Moreover, this result is also evidence that there is no deuterium isotope effect for 
H20 versus 0 20 when the systems ofNH3-H20 and ND3-020 are compared. 
Major Sources of Errors in Determination of the Reaction Rates 
We now try to answer this question: what are the sources of errors for rate values 
represented in Figure 17? 
Although, we minimized the temperature stability problem by doing these 
experiments without stopping, from beginning of the reaction to end ofthe reaction. it 
was impossible to hold the temperature precisely at 120 K (or 123 K) throughout the 
several hours of reaction. Although, each spectrum was taken at the chosen reaction 
temperature, sometimes a temporary variation of -one K was noted during the reaction. If 
the reaction is activated, a temperature increase or decrease affects the rate of the 
reaction. Since this variation is temporary, we cannot estimate the magnitude of its effect. 
However, the possibility of a one K variation in temperature can be considered as an error 
source to make questionable the observed isotope effect. 
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-A second source of error is the pressure of residual noncondensible gasses (the 
components of air, such as nitrogen, oxygen, carbon dioxide, argon and so on) in the 
reaction system. The difference between the vapor pressures obtained from the 
measurement (1 x 10-3 torr) and calculation (2.64x 1 0-4 torr) may indicate the existence of 
residual gasses_ Since the presence of the residual gasses reduces the vapor transport of 
ammonia, the reaction rate could be influenced. We cannot say anything about the 
magnitude of this error. However, it must be noted here as a potential error source. 
A third source of error is in the spectroscopic measurements. To find the rate 
values represented in Figure 17, we used the intensities of the peaks (as explained in the 
evaluation of data section). Although we made the base line corrections to measure 
accurately these peak intensities, since these were broad peaks (as seen in Figure 8, ] 2, 
13 and 14), some errors might come from the measurement of these peak intensities. 
Future Research 
Since the rate determining step for the reaction of ammonia with ice nanocrystals 
apparently involved the transport of ammonia from the solid ammonia or a larger of 
adsorbed NH3, the isotope effect for NH3 and ND3 can be found as kNH3/kNDJ by using the 
same reaction temperature and analyzed in terms of isotope ratio theories. Also a range of 
temperatures may be used to determine activation energy of the reaction. Further, the 
activation energies can be found from the theoretical simulation of the molecular-level 
mechanism and compared to the experimental values. 
Moreover, we tried to find rate and isotope effects for conversion of ice 
nanocrystals to the monohydrate of ammonia in this study and we observed a molecular 
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-mechanism for this conversion. As mentioned in the literature review, ethylene oxide 
(EO) also converts the ice nanocrystais to the type I clathrate hydrate via a molecular 
mechanism at the cryogenic temperatures. A similar study can be made of the rate and 
isotope effects for this conversion. 
Summary 
Interaction ofNH3 (N03), a penetrating adsorbate of H20 (020) ice nanocrystals 
as monitored by FT-IR spectroscopy, results in the formation ofNH3.H20, NH3 .D20 and 
ND3.D20. It was found that the conversion of the ice nanocrystals to these mono hydrates 
proceeded via a molecular mechanism. 
Since these conversions occur through a heterogeneous gas solid process, the rate 
for these conversions could depend directly on the vapor pressure of ammonia at the 
reaction temperature. Because there was an equilibrium between the solid and gas phase 
of ammonia. the amount of ammonia in the gas phase was considered a constant during 
the reaction. It was found that the conversion of the ice nanocrystals to the monohydrate 
of ammonia proceeded with zero order kinetics, but was much to slow to be limited by 
the transport of ammonia across an imaginary boundary between the gas phase of 
ammonia and the network of the ice nanocrystals. 
Rather a more reasonable view is that the rate limiting stage involves the transport 
of ammonia from NH3 (s) into the ice/hydrate. If such transport is dependent on the 
barrier for NH3 leaving the solid ammonia, it could cause an activated zero order reaction 
with no water isotope effect, as observed. 
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